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Abstract  
In this study, the potential of dry reforming reaction over CaFe2O4 supported Ni and Co catalysts were investi-
gated. The Co/CaFe2O4 and Ni/CaFe2O4 catalysts were synthesized using wet impregnation method by varying the 
metal loading from 5-15 %. The synthesized catalysts were tested in methane dry reforming reaction at atmos-
pheric pressure and reaction temperature ranged 700-800 oC. The catalytic performance of the catalysts based on 
the initial screening is ranked as 5%Co/CaFe2O4 < 10%Co/CaFe2O4 < 5%Ni/CaFe2O4 < 10%Ni/CaFe2O4 according 
to their performance. The Ni/CaFe2O4 catalyst was selected for further investigation using full factorial design of 
experiment. The interaction effects of three factors namely metal loading (5-15 %), feed ratio (0.4-1.0), and reac-
tion temperature (700-800 oC) were evaluated on the catalytic activity in terms of CH4 and CO2 conversion as well 
as H2 and CO yield. The interaction between the factors showed significant effects on the catalyst performance at 
metal loading, feed ratio and reaction temperature of 15 %, 1.0, and 800 oC. respectively. The 15 wt% Ni/CaFe2O4 
was subsequently characterized by Thermogravimetric (TGA), X-ray Diffraction (XRD), Field Emission Scanning 
Electron Microscopy (FESEM), Energy Dispersive X-ray Spectroscopy (EDX), X-ray Photoelectron Spectroscopy 
(XPS), N2-physisorption, Temperature Programmed Desorption (TPD)-NH3, TPD-CO2, and Fourier Transform In-
fra Red (FTIR) to ascertain its physiochemical properties.  This study demonstrated that the CaFe2O4 supported 
Ni catalyst has a good potential to be used for syngas production via methane dry reforming. Copyright © 2018 
BCREC Group. All rights reserved 
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1. Introduction  
The mitigation of greenhouse gases such as 
CH4 and CO2 which contribute about 72 % and 
7 %, respectively, to “greenhouse effect” has at-
tracted growing interest in the last one decade 
[1]. Several methods such as carbon capture and 
storage, energy efficiency and conservation, 
negative CO2 emission and catalytic reforming 
of methane have been explored to mitigate 
greenhouse effect [2-4]. Among these options, 
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methane dry reforming is a promising option 
for the mitigation of greenhouse effects as it 
utilizes CH4 and CO2, the two prominent com-
ponents of greenhouse gases [5]. Besides, meth-
ane dry reforming is a potential route for the 
production of synthesis gas (syngas) as repre-
sented in Equation (1) [6]. 
 
CH4 + CO2  2CO + 2H2   H=247 kJ.mol-1   (1) 
 
The production of syngas with unity molar 
ratio is theoretical favored by methane dry re-
forming, hence the suitability of the syngas as 
chemical intermediates for the production of 
oxygenated fuels [7]. However, one of the major 
constraints with the methane dry reforming is 
catalyst deactivation via sintering and cooking 
due to the highly endothermic nature of the re-
action [8,9].  
Researchers have shown much effort in de-
veloping carbon resistant catalysts mostly from 
noble and transition metals such as Pt, Rh, Ru, 
Co, and Ni. Extensive review by [10] shows 
that noble metals are typically much more car-
bon resistant compared to Co and Ni-based 
catalyst in methane dry reforming but are ex-
pensive and might not be economical for scale 
up. On the contrary, Co and Ni-based catalysts 
are inexpensive and show comparable activity 
with the noble metals [11,12]. The catalytic 
performance of Co- and Ni-based can be en-
hanced using suitable supports. Supports such 
as Al2O3, CeO2, SiO2, and MgO have been 
widely explored for the synthesis of Co and Ni-
catalysts [13-16]. These catalysts showed vari-
ous degrees of catalytic performance. However, 
extensive literature search has shown that 
CaFe2O4 which has good acidicity and basicity 
properties has only been used as catalysts in 
processes such as photo-degradation of methyl-
ene blue as well as in biodiesel production 
[17,18]. To the best of the authors’ knowledge, 
there is presently no literature on the use of 
CaFe2O4 as support for synthesis of Co- and Ni-
based catalyst for methane dry reforming. 
Therefore, the aim of this study was to investi-
gate the initial screening of Co and Ni sup-
ported on CaFe2O4 for methane dry reforming. 
The best performing catalyst in terms of the re-
actants conversion and products yields was 
subsequently characterized using different in-
struments techniques, such as: TGA, XRD, 
EDX, XPS, N2 physisorption, and FTIR, to es-
tablish its physiochemical properties. To fur-
ther explore its potential as dry reforming cata-
lyst, a further screening of the catalyst was 
performed using full factorial design by consid-
ering factors such as metal loadings, feed (CH4: 
CO2) ratio and reaction temperature. 
  
2. Materials and Methods    
2.1 Synthesis of catalysts     
Prior to the synthesis of the Co- and 
Ni/CaFe2O4 catalysts, the CaFe2O4 support was 
prepared by sol-gel technique reported else-
where [17]. In a typical synthesis, a 
stoichiometric ratio of Ca(NO3)2.4H2O and 
Fe(NO3)3.9H2O were mixed in 30 % aqueous 
NH3 solution, and the mixture was stirred at 
room temperature for 24 h. The solution was 
then slowly heated to 80 oC and maintained at 
that temperature level until the water evapo-
rated. The resulting brown dry gel-like slurry 
was calcined at 450 oC for 2 h followed by heat 
treatment at 900 oC for 10 h using muffle fur-
nace to obtained CaFe2O4 powder. Finally, 
CaFe2O4 powders were crushed in the mortar 
to obtain fine particle size. Thereafter, 
Ni/CaF2O4 was synthesized with metal loading 
of 5-15 wt% using wet-impregnation method. 
Required amount of Ni(NO3)2.6H2O precursor 
was dissolved in aqueous solution and 1 g of 
CaFe2O4 was added to the solution under stir-
ring for 3 h. Subsequently, the slurry was oven 
dried for 24 h at 120 oC, crushed and finally 
calcined at 800 oC for 5 h. Similarly, 
Co/CaFe2O4 with metal loading of 5-10 wt% 
was synthesized using the same method men-
tioned above. The Co(NO3)2.6H2O was used as 
precursor for this purpose. All the reagents 
were analytical grade (99.99 % purity, Sigma-
Aldrich, USA) and were used as received with-
out further purification. 
 
2.2  Pre-screening of the Co/CaFe2O4 and 
Ni/CaFe2O4 catalysts 
Prior to the full factorial design of experi-
ment, a preliminary experiment was carried 
out to determine a promising active element 
from Co and Ni that can be synthesized on the 
CaFe2O4 support. The Ni/CaFe2O4 catalyst was 
selected for further screening based on its ac-
tivity in terms of conversion and yield. A full 
factorial design of the Ni/CaFe2O4 was per-
formed using Statistica 13 software (Dell in-
corp.) for the design of experiment. The effect 
of factors such as metal loading (5-15 %), feed 
ratio (0.4-1) and reaction temperature (700-800 
oC) on the CH4 and CO2 conversion as well as 
the H2 and CO yield. The full factorial design 
of the Ni/ CaFe2O4 is depicted in Table 1. 
 Bulletin of Chemical Reaction Engineering & Catalysis, 13 (1), 2018, 59 
Copyright © 2018, BCREC, ISSN 1978-2993 
2.3  Catalyst characterization 
The catalyst (15%wt Ni/CaFe2O4) with the 
best performance was further characterized for 
its physicochemical properties using different 
instrument techniques. The thermal analysis 
showing the changes in the physical and chemi-
cal properties of the 15%wt Ni/CaFe2O4 catalyst 
as a function of increasing temperature was 
done using Hitachi simultaneous thermal ana-
lyser (STA, 7000 series). The STA has the ca-
pacity to simultaneously perform Thermogra-
vimetric Analysis (TGA) and Differential Ther-
mal Analysis (DTA). The uncalcined catalyst 
sample weighing approximately 6 mg was 
placed in an alumina pan enclosed in a furnace. 
The temperature of the furnace was increased 
from 25 to 900 oC at heating rate of 10 oC/min 
in a flow of 50 mL/min of pure N2. The weight 
loss (TG) and the differential weight loss (DTG) 
of the catalyst sample as a function of tempera-
ture were estimated. The texture properties of 
the calcined 15%wt Ni/CaFe2O4 catalyst in 
terms of BET specific surface area and BJH 
pore size distribution were measured by N2 
physisorption method using Accelerated Sur-
face Area and Porosimetric system (ASAP 2020 
plus). The catalyst sample was degassed at 253 
oC for 2 h before the commencement of the N2 
physisorption analysis. The 15wt% Ni/CaFe2O4 
catalyst was characterized for phase identifica-
tion by X-ray powder diffraction analysis using 
RIGAKU miniflex II X-ray diffractometer. The 
Rigaku miniflex XRD (Cu-Kα source with 
wavelength (λ) of 0.154 nm) is capable of meas-
uring powdered diffraction pattern at 2θ scan-
ning ranged 3 to 145o. The phase identification 
of the catalyst from the XRD performed using 
the latest version of PDXL, RIGAKU full func-
tion powder-diffraction analysis software. The 
topographical and the elemental information of 
the 15%wt Ni/CaFe2O4 catalyst were measured 
using JEOL Field Emission Scanning Electron 
Run 
No. 
Feed 
ratio 
Reaction Tem-
perature (oC) 
Metal  
loading 
(%) 
CH4  
Conversion 
(%) 
CO2  
Conversion 
(%) 
H2 yield 
(%) 
CO yield 
(%) 
8 0.4 800 10 38.75 35.68 21.11 23.32 
18 0.7 800 15 90.04 87.60 73.42 74.43 
6 0.4 750 15 25.82 22.22 16.35 17.70 
19 1.0 700 5 23.78 20.35 13.56 16.59 
21 1.0 700 15 25.38 21.34 12.45 14.35 
23 1.0 750 10 52.76 51.85 27.31 30.77 
1 0.4 700 5 25.01 21.96 13.26 14.31 
9 0.4 800 15 33.45 30.02 17.22 19.15 
26 1.0 800 10 26.11 27.77 14.54 15.06 
4 0.4 750 5 35.10 31.62 20.64 22.41 
15 0.7 750 15 23.43 20.68 13.54 14.37 
17 0.7 800 10 22.99 19.60 13.24 14.56 
2 0.4 700 10 39.60 38.98 18.78 19.11 
11 0.7 700 10 17.69 14.15 11.12 13.39 
3 0.4 700 15 34.48 33.52 20.32 19.44 
13 0.7 750 5 59.08 56.97 26.22 28.32 
22 1.0 750 5 27.46 23.15 14.14 15.32 
24 1.0 750 15 52.76 51.85 27.31 30.77 
12 0.7 700 15 19.78 16.31 12.32 13.37 
16 0.7 800 5 67.93 66.39 35.35 38.31 
20 1.0 700 10 23.78 20.35 13.56 16.59 
10 0.7 700 5 62.93 62.34 32.36 33.31 
14 0.7 750 10 22.99 19.60 13.24 14.56 
27 1.0 800 15 88.63 85.41 70.31 73.21 
7 0.4 800 5 30.34 26.32 16.17 15.31 
5 0.4 750 10 50.70 47.60 26.43 27.31 
25 1.0 800 5 26.11 27.77 14.54 15.06 
Table 1. Full factorial design of the Ni/CaFe2O4 catalyst  
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Microscopy (FESEM) and Energy Dispersive X-
ray Spectroscopy (EDX). Perkin Elmer Spec-
trum BX(II) X-ray Photoelectron Spectropho-
tometer (XPS) was employed to analyse the 
bond formations of the 15wt% Ni/CaFe2O4 cata-
lyst. The XPS analysis was performed using 
Thermo Fisher K-alpha equipped with mono-
chromatic Al Kα X-ray source. The XPS spectra 
were collected using aluminium anode (Al-Kα 
=1486.6 eV) operating at 150 W. The recording 
of the spectra was done at background pressure 
of 2 × 10-9 mbar  under an ultra-high vacuum 
(UHV) chamber. The TPD analysis using NH3 
and CO2 as probing gases were carried out us-
ing approximately 60 mg each of the fresh cata-
lyst. Prior to the testing the catalyst was pre-
treated in a flow of 20 mL min-1 N2 for 1 h at a 
heating rate of 10 oC min-1 up to 50 oC at hold-
ing time of 30 min. The pre-treated catalyst 
sample was thereafter purged with He and 
then cooled down to room temperature. The 
TPD-NH3 analysis was done by replacing the 
He gas with NH3 and allowed to saturate the 
samples for 1 h. This was followed by purging 
the sample with He to remove either excess 
NH3 in gas phase or the physisorbed NH3 on 
the catalysts. The desorption step was carried 
out under 20 mL min-1 He flows at a heating 
rate of 20 oC min-1 from room temperature to 
900 oC and holding time of 20 min before cool-
ing. The amount of NH3 desorbed was esti-
mated from the TPD pattern recorded online. 
The above procedure was repeated for TPD-
CO2 analysis using CO2 gas in place of the NH3 
gas. 
2.4  Catalytic activity test 
The schematic diagram of the experimental 
set-up for the catalytic activity test is repre-
sented in Figure 1. The set-up comprised CO2, 
CH4, N2 and H2 gases (99.99 % purity). The 
main reactants for the methane dry reforming 
are CO2 and CH4, while N2 and H2 serve as car-
rier gas and for reduction, respectively. The 
stainless steel fixed bed continuous reactor was 
packed with 200 mg of catalysts supported 
with quartz wool and heated inside a split-tube 
furnace that was equipped with K-type thermo-
couple for measurement of the catalytic bed 
temperature. The catalyst was reduced in 60 
mL/min of 20 % H2 and 80 % N2 prior to the 
commencement of the catalytic activity test at 
900 oC for 1 h. The flow rate of the inlet gas 
was maintained at 100 mL/min and individu-
ally regulated with the aid of Alicat digital 
mass flow controller (MFC) (Alicat Scientific 
Inc., USA). The outlet gas composition (CO2, 
CH4, CO and H2) was measured with gas chro-
matography (GC) instrument (Agilent Tech-
nologies, USA) equipped with thermal conduc-
tivity detector (TCD). Two packed columns 
were used viz. Supelco Molecular Sieve 13x (10 
ft. 1/8 in. OD 2 mm ID, 60/80 mesh, Stainless 
Steel) and Agilent Hayesep DB (30 ft.  1/8 in. 
OD 2 mm ID, 100/120 mesh, Stainless Steel). 
Helium (He) gas was used as a carrier with 
flowrate of 20 mL/min with operating column 
temperature of 120 oC and detector tempera-
ture of 150 oC (column pressure < 90 psi). Sepa-
ration and quantification of gas analytes viz. 
Figure 1. Schematic diagram of experimental set-up for the methane dry reforming over the developed 
catalysts  
 (c) 
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H2, CH4 and CO2 were performed using 
Hayesep DB column; whilst CO were analysed 
using the Molecular Sieve 13× columns. The 
conversion of CH4 and CO2 as well as the yields 
of H2 and CO were calculated using Equations 
(2)-(5).  
 
         (2) 
 
   
           (3) 
 
 
 
                        (4) 
 
     (5) 
 
where FCO2in, FCH4in, FCO2out, and FCH4out are the 
inlet and outlet molar flow rates of CO2 and 
CH4, respectively. FH2 and FCO are the outlet 
molar flow rates of H2 and CO, respectively. 
 
3. Results and Discussion 
3.1  Pre-screening of the Co- and              
Ni/CaFe2O4 catalysts  
The pre-screening of the catalyst for dry re-
forming of methane was performed over the 
two selected active metals, Co- and Ni-
supported on CaFe2O4 in order to determine 
which of the active metals can further be se-
lected for subsequent full factorial design. In 
addition, the catalyst activity of the CaFe2O4 
support was also tested. The pre-screening ex-
periments were carried out considering factors, 
such as metal loadings (5-10 %), feed ratio 
(CH4/CO2) (0.4-1) and reaction temperature 
(700-800 oC). The performance of the catalysts 
was measured based on the conversions of the 
CH4 and CO2 as well as the yields of H2 and 
CO. The feed flowrate was fixed at GHSV of 
30000 h-1. The activities of the CaFe2O4 sup-
port and the catalysts are shown in Figure 
2(a)-(d). It can be seen that CaFe2O4 shows 
some activities in term of reaction conversions 
and the products yields (Figure 2 (a)). The 
Figure 2. (a) The conversion and yield of CaFe2O4 and the conversions and yields of screened catalysts 
at (b) 700 oC, (c) 750 oC, (d) 800 oC  
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highest values of 16.4 % and 6.8 % were ob-
tained for CH4 and CO2 conversions while 13.7 
% and 14.10 % were obtained for the H2 and 
CO yield respectively at feed (CH4:CO2) ratio of 
and temperature of 800 oC. This implies that 
the CaFe2O4 plays significant role in the cata-
lytic activities of the Co and Ni catalysts. The 
catalysts show an increasing trend with reac-
tion temperature in terms of CH4 and CO2 con-
versions.  
Figure 2 (b)-(d) revealed that, CH4 and CO2 
conversions did not vary much with the metal 
loading using the Co/CaFe2O4. This is evident 
in the overlapping trend obtained for the CH4 
and CO2 conversions using 5% Co/CaFe2O4 and 
10% Co/CaFe2O4 catalysts. On the contrary, 
CH4 and CO2 conversions increased with metal 
loadings and temperature using the 
Ni/CaFe2O4. Similar, trends can also be ob-
served in terms of H2 and CO yields. Hence, the 
catalytic performance for the pre-screening ex-
periment can be ranked as 5% Co/CaFe2O4 < 
10% Co/CaFe2O4 < 5% Ni/CaFe2O4 < 10% 
Ni/CaFe2O4 based on their activities in terms 
of yield and conversion. Based on the perform-
ance of the two-screened catalyst, Ni/CaFe2O4 
catalyst was selected for full factorial design of 
experiment. 
  
3.2  Catalytic performance of Ni/CaFe2O4 
catalyst 
The catalytic performance of the 5% 
Ni/CaFe2O4, 10% Ni/CaFe2O4 and 15% 
Ni/CaFe2O4 catalysts are depicted in Figures 3-
5. Generally, the CH4 and CO2 conversion as 
well as the H2 and CO yield showed increasing 
trend with feed ratio and reaction temperature. 
The catalytic performance of 5% Ni/CaFe2O4 is 
depicted in Figure 3. It can be seen that there 
was slight increase in the CH4 conversion from 
700-800 oC at feed ratio of 0.4 and 0.7 (cf. Fig-
ure 3 (a)). However, the CH4 conversion drasti-
cally increased with temperature at unity feed 
ratio. On the contrary, CO2 conversion signifi-
cantly increased with the reaction temperature 
Figure 3. Catalytic performance of the 5% Ni/CaFe2O4 in methane dry reforming reaction 
(atmospheric pressure, GHSV of 30000 h-1)  
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and feed ratio (cf. Figure 3 (b)).  Highest values 
of 50.7 % and 47.6 % were obtained for the CH4 
and CO2 conversions at reaction temperature 
and feed ratio of 800 oC  and 1.0, respectively. 
The higher value of CH4 conversion obtained 
could be as result of side reaction such as meth-
ane cracking [19]. Furthermore, both the H2 
and CO yields increased with reaction tempera-
ture and feed ratio as shown in Figures 3 (c) 
and (d) resulting to the highest values of 26.42 
% and 27.31 %, respectively.    
Furthermore, the catalytic activity of the 
10% Ni/CaFe2O4 catalyst is shown in Figure 4. 
The catalyst also displayed impressive activity 
in terms of CH4 and CO2 conversion as well as 
H2 and CO yield. It is noteworthy that the CH4 
conversion increases with both feed ratio and 
temperature. Similarly, CO2 conversion also in-
creases with feed ratio and temperature. How-
ever, the increase in the CH4 conversion was 
not pronounced at temperature of 700 and 800 
oC  using feed ratio of 0.4.  The methane dry re-
forming over 10% Ni/CaFe2O4 demonstrated 
highest CH4 and CO2 conversions of 67.97 and 
66.38%, respectively, which was higher com-
pared to the performance of 5% Ni/CaFe2O4.  
The lower CO2 conversion obtained over 10% 
Ni/CaFe2O4 might be due to the possibility of 
influence of side reaction such as methane 
cracking which leads to higher conversion of 
CH4. The 10% Ni/CaFe2O4 catalyst also show 
an interesting performance in terms of the 
yield of the products (H2 and CO). Both the H2 
and CO yield increases with feed ratio and 
temperature.  
The methane dry reforming reaction over 
the 10% Ni/CaFe2O4 catalyst gave highest H2 
and CO yields of 35.34 % and 38.31 %, respec-
tively at feed ratio of 1.0 and temperature of 
800 oC. The higher values of CO yield obtained 
compare to that of H2 indicate the possibility of 
the influence of reverse Boudouard reaction 
which increases the yield of the CO in addition 
to the product obtained from the dry reforming 
reaction.  
The catalytic performance of 15% 
Ni/CaFe2O4 catalysts in methane dry reforming 
is depicted in Figure 5. The catalysts showed 
Figure 4. Catalytic performance of the 10% Ni/CaFe2O4 in methane dry reforming reaction 
(atmospheric pressure, GHSV of 30000 h-1)   
 Bulletin of Chemical Reaction Engineering & Catalysis, 13 (1), 2018, 64 
Copyright © 2018, BCREC, ISSN 1978-2993 
an interesting activity in terms of CH4 and CO2 
conversion as well as H2 and CO yield. The CH4 
conversion using feed ratio of 0.4 showed slight 
increase in the temperature range of 700-800 
oC. However, the increase in the CH4 conver-
sion with the temperature became pronounced 
at feed ratio ranged 0.7-1.0.  
The catalytic activity resulted to highest 
CH4 conversion of 90.04 % at feed ratio of 1.0 
and temperature of 800 oC. Similarly, CO2 con-
version also increases with reaction tempera-
ture and feed ratio resulting to highest conver-
sion of 87.60 % which is lower compared to that 
of CH4. The lower conversion of CO2 obtained 
implies that there might be possibility of influ-
ence of side reaction, such as methane crack-
ing, which leads to higher conversion of CH4 
[20]. The highest values of CH4 and CO2 conver-
sions obtained for the 15% Ni/CaFe2O4 catalyst 
is this study is comparable with conversion val-
ues of ~91 % and ~92 % obtained for CH4 and 
CO2 by Du et al. [21] using Ni/CeO2 catalyst. 
The CH4 and CO2 conversions obtained in this 
study is higher than 78 % and 60 % reported by 
Sutthiumporn [22] using alkaline promoted 
Ni/La2O3 catalyst. The variation in the cata-
lytic performance could be as a result of the dif-
ference in the catalysts physicochemical prop-
erties. The 15% Ni/CaFe2O4 catalyst also shows 
an interesting performance in terms of the 
yield of the products (H2 and CO). Both the H2 
and CO yields increase with feed ratio and 
temperature.  
The catalytic activity of the 15% Ni/CaFe2O4 
catalyst gives highest H2 and CO yields of 
73.41 % and 74.43 % respectively at feed ratio 
of 1.0 and temperature of 800 oC. The higher 
values of CO yield obtained compare to that of 
H2 indicated the possibility of the influence of 
reverse Boudouard reaction which increases 
the yield of the CO in addition to the product 
obtained from the dry reforming reaction [23].  
 
3.3 Catalyst characterization  
The thermal analysis profile of the uncal-
cined 15%wt Ni/CaFe2O4 catalyst is depicted in 
Figure 6. Typically, the temperature pro-
Figure 5. Catalytic performance of the 15% Ni/CaFe2O4 in methane dry reforming reaction 
(atmospheric pressure, GHSV of 30000 h-1)  
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grammed calcination showing the TG and the 
DTG can be group into four stages represented 
by peaks I-IV. Peak I and II at temperature 
range of 100-140 oC can be attributed to the 
loss of physical and hydrated water. Peaks III 
and VI center at temperature of 300 and 480 oC 
respectively can be attributed to the thermal 
decomposition of nitrate compounds present in 
the catalyst sample leading to the formation of 
NiO. Interestingly, the TG became flattened at 
temperature > 500 oC signifying the absence of 
any other components in the catalyst aside NiO 
and CaFe2O4 which is consistent with the XRD 
pattern shown in Figure 7 [24]. This justified 
the choice of the calcinating the dried freshly 
prepared 15%wt Ni/CaFe2O4 catalyst at tem-
perature > 500 oC.  
Figure 7 depicts the XRD analysis of the 
CaFe2O4 and the reduced 15%wt Ni/CaFe2O4 
catalyst. Interestingly, the CaFe2O4 and 
Ni/15%wtNi/CaFe2O4 catalyst match well with 
the documented XRD data of CaFe2O4 (ICDD 
card No. 03-065-1333) and Ni (ICDD card No. 
00-001-1258), an indication of the formation of 
well-crystallized catalyst. The orthorhombic 
structure of  the CaFe2O4 can be identified at 
2θ = 32.12o (111), 33.17o (004), 34.30o (302), 
42.86o (311), 43.82o (213), 44.82o (304), 49.40o 
(214), 50.97o (006), 52.57o (404), 60.69o (116), 
61.06o (600), 63.46o (216), 65.16o (513), 69.41o 
(610), 70.28o (108), 75.08o (613) and 78.18o (118) 
[17]. While that of cubic structure of Nio can be 
identified at 2θ = 12.15o (110), 23.00o (220), 
35.99o (101), 41.43o (100) 47.12o (130), 47.92o 
(131), 51.12o (103), 58.06o (201), 59.33o (104), 
66.35o (014) and 78.15o (105). Scherrer’s expres-
sion was employed to estimate the particle size 
diameter of the sharpest peak of the CaFe2O4 
and Nio (2θ = 42.86o and 78.18o, respectively) 
given as 22.47 and 27.26 nm, respectively. 
The morphology and the elemental composi-
tion of the 15wt%Ni/85wt%CaFe2O4 repre-
sented by the FESEM image and EDX micro-
graph are shown in Figure 8. It is noteworthy 
that the SEM image of the catalyst displayed 
weak agglomerated small spherical-shaped 
particles. The observed particle diameter of the 
catalyst was estimated at four different spots 
and recorded as 73.65, 43.41, 56.36, and 68.02 
nm. Moreover, the elemental make-up of the 
15wt% Ni/85wt%CaFe2O4 catalyst (Ni, Ca, Fe 
and O) obtained from the EDX micrograph 
(Figure 8 (b)) showed that Ni phase were well 
distributed on the CaFe2O4 support. Interest-
ingly, there is a close agreement between the 
stipulated composition of the as-prepared cata-
lyst and the values obtained from the EDX 
(Ni=15.45%, Ca+Fe+O= 84.65%).  
The XPS spectra and the plot of the atomic 
concentration showing the oxidation state and 
the elemental composition of the catalyst are 
depicted in Figure 9 (a) and (b), respectively. It 
can be seen that all the elemental components 
such as Ni, Ca, Fe, and O of the 
15wt%Ni/85wt%CaFe2O4 catalyst and their 
oxidation states are fully captured by the XPS. 
The presence of the elemental components cor-
roborates the EDX and XRD analysis. The 
atomic concentrations of Ni, Ca, Fe, and O in 
the catalysts was estimated as 13.4 %, 7.5 %, 
20.9 % and 57.8 %, respectively.  
The N2 phisorption analysis for the determi-
nation of the BET specific surface area and the 
BJH pore distribution is depicted in Figure 10. 
The obtained isotherm is typical of a Type-V 
with H3 hysteresis according to the IUPAC 
Figure 6. Temperature programmed calcina-
tion of the uncalcined fresh 15%wt Ni/CaFe2O4 
catalyst  
Figure 7. XRD pattern of CaFe2O4 and re-
duced 15%wtNi/CaFe2O4 catalyst  
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classification which is an indication of the for-
mation of mesopores distributions within the 
catalyst sample. The specific surface area and 
the pore volume of the catalyst estimated using 
BET and BJH method are given a 5.13 m2/g 
and 0.01 cm3/g, respectively, which is typical of 
CaFe2O4-containing species [25].  
The TPD profile of the 15 wt% 
Ni/85wt%CaFe2O4 catalyst using NH3 and CO2 
as probe gases are depicted in Figure 11 (a) and 
(b), respectively. It can be seen that distinct de-
sorption peaks at 665 oC and 660 oC was identi-
fied for the TPD-NH3 and TPD-CO2 profile, re-
spectively. As a general rule, the desorption of 
a probe gas at lower temperature range (< 500 
oC) signifies weak acid or basic site while de-
sorption at a higher temperature range (> 500 
oC)  implies strong acid or basic site [26]. This 
implies that the 15wt%Ni/85wt%CaFe2O4 cata-
lyst possesses both strong acid and basic sights 
which is advantageous for the activation of 
CH4 and CO2 during methane dry reforming 
[27].  
The spectrum obtained from the analysis of 
the pure CaFe2O4 support and 15 wt% 
Ni/85wt%CaFe2O4 catalyst for the nature of 
chemical bond using FTIR are depicted in Fig-
ure 12. Interestingly, the FTIR spectrum re-
vealed a characteristic structure of the 
CaFe2O4 support. The stretching vibration of 
OH- signifying adsorbed water molecules can 
be identified at wavenumber ranged 3500-3000 
cm-1. Similarly, the stretching vibration C–O 
bond which represents adsorbed atmospheric 
CO2 can be identified at 1544 -1284 cm-1. Sig-
nificantly, metallic bonds were observed at 805 
and 692 cm-1 which can be attributed  to the 
stretching vibration of Ca–O and Fe–O metal 
oxides bond in the CaFe2O3 support [28].  
Moreover, the catalyst also exhibit stretching 
Figure 8. (a) FESEM image, (b) EDX micro-
graph, (c) elemental composition of the catalyst 
from EDX of the 15%wt Ni/CaFe2O4 catalyst  
(c) 
(b) 
(a) 
Figure 9. (a) The XPS profile of the 15%wt 
Ni/CaFe2O4 catalyst and (b) Elemental compo-
sition of the 15%wt Ni/CaFe2O4 catalyst  
(a) 
(b) 
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vibration Ca–O, Fe–O, and Ni–O bonds at 
bands at 803, 692, and 627 cm-1, respectively. 
correspond to the Ca–O and Fe–O metal oxide 
bonds in the catalyst [29]. 
  
3.4  Interaction effect of feed ratio, metal 
loading and reaction temperature on the 
CH4 conversion 
In the full factorial design of experiments, 
three factors namely feed ratio, reaction tem-
perature and metal loading were considered. 
The response and the contour plots showing the 
effects of feed ratio, reaction temperature and 
metal loading on the CH4 are depicted in Fig-
ure 13. The response plots show the effect of 
the factors on the catalytic activities in terms of 
CH4 conversion while the contour plots show 
the interaction between the factors as they in-
fluence the CH4 conversion. Interestingly, the 
feed ratio, reaction temperature and metal 
loading show various degrees of influence on 
the CH4 conversion (cf. Figure 13 (a)). How-
ever, the CH4 conversion is mostly influenced 
by the reaction temperature which is consis-
tent with Arrhenius observation [30]. This ob-
servation is consistent with the findings of 
Serrano-Lotina and Daza [31] who reported the 
influence of reaction temperature ranged 450-
850 oC on CH4 conversion. Furthermore, the 
three factors displayed different level of inter-
actions as shown in Figures 13 (a)-(c). It can be 
seen that the interaction between the feed ratio 
and the reaction temperature has more impact 
on the CH4 conversion at feed ratio ranged 0.7-
1.0 and reaction temperature of 800 oC. Simi-
larly, the interaction between the feed ratio 
and the metal loading show significant influ-
ence on the CH4 conversion at metal loading of 
10 % and feed ratio ranged 0.7-1.0. The effect 
of the interaction between the metal loading 
and the reaction temperature was significant 
at reaction temperature and metal loading of 
800 oC and 10 %, respectively. 
Figure 12. FTIR spectrum of the fresh 15%wt 
Ni/CaFe2O4 catalyst before and after calcina-
tion  
Figure 10. N2 adsorption-desorption isotherm 
of the 15%wtNi/CaFe2O4 catalyst  
Figure 11. TPD profiles of the 15wt% 
Ni/CaFe2O4 catalyst using (a) NH3 and (b) CO2 
as probing gases  
(a) 
(b) 
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3.5 Interaction effect of feed ratio, metal 
loading and reaction temperature on the 
CO2 conversion 
The interaction effects of the reactant feed 
ratio, metal loading and the dry reforming re-
action temperature on CO2 conversion are de-
picted in Figure 14. The three factors displayed 
varying level of interaction effect on the CO2 
conversion. It can be seen that both the feed ra-
tio and the reaction temperature have signifi-
cant effects on the CO2 conversion (Figure 14 
(a)). The CO2 conversion increases with feed ra-
tio and reaction temperature. The interaction 
between the feed ratio and the reaction tem-
perature shows a greater effect on the CO2 con-
version at unity feed ratio and reaction tem-
perature of 800 oC as indicated by the red por-
tion of the plot. This trend is in agreement 
with the findings of Serrano-Lotina and Daza 
[31] who obtained the highest value of CO2 con-
version at reaction temperature and feed ratio 
Figure 13. Response and contour plots for CH4 conversion (a) Effects of feed ratio and reaction tem-
perature (b) Effect of metal loading and feed ratio (c) Effect of metal loading and reaction temperature 
at atmospheric condition and GHSV of 30000 h-1  
(a) 
(b) 
(c) 
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of 800 oC and 1, respectively, in methane dry 
reforming over Ni/Al2O3 catalyst. Contrary to 
the interaction between the reaction tempera-
ture and feed ratio, the interaction between the 
feed ratio and metal loading did not show pro-
nounce effect on the CO2 conversion. However, 
based on the interaction plot (Figure 14 (b)) the 
CO2 conversion was only slightly influenced by 
the interaction between the feed ratio and 
metal loading at 1.0 and 10 %, respectively. 
Moreover, both metal loading and the reaction 
temperature have increasing effect on the CO2 
conversion (Figure 14(c)). It can also been seen 
that the interaction between the metal loading 
and the reaction temperature became stronger 
on the CO2 conversion at metal loading and re-
action temperature of 10 % and 800 oC, respec-
tively as indicated by the red portion of the 
plot. 
 
Figure 14. Response and contour plots for CO2 conversion (a) Effects of feed ratio and reaction tem-
perature (b) Effect of metal loading and feed ratio (c) Effect of metal loading and reaction temperature 
at atmospheric condition and GHSV of 30000 h-1  
(a) 
(b) 
(c) 
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3.6  Interaction effect of feed ratio, metal 
loading and reaction temperature on the 
H2 yield 
Figure 15 show the interaction effects of 
feed ratio, metal loading and the reaction tem-
perature on the H2 yield. The three factors vary 
in level of interaction effects on the H2 yield. 
There is a significant interaction effect between 
the feed ratio and the reaction temperature as 
evident from the increasing trend of the H2 
yield (Figure 15 (a)). However, this interaction 
has greater effect on the H2 yield at unity feed 
ratio and reaction temperature of 800 oC. The 
metal loading and feed ratio did not however 
show good interaction compared to the interac-
tion between feed ratio and reaction tempera-
ture. This interaction between the feed ratio 
and the metal loading shows significant effect 
on the hydrogen yield at all range of the feed 
ratio and 10 % metal loading. The interaction 
Figure 15. Response and contour plots for H2 yield (a) Effects of feed ratio and reaction temperature 
(b) Effect of metal loading and feed ratio (c) Effect of metal loading and reaction temperature at atmos-
pheric condition and GHSV of 30000 h-1  
(c) 
(b) 
(a) 
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between the reaction temperature and metal 
loading also shows greater effect on the H2 
yield at metal loading of 10 % and reaction 
temperature of 800 oC. 
 
3.7  Interaction effect of feed ratio, metal 
loading and reaction temperature on the 
CO yield 
The interaction effects of the reactant feed 
ratio, metal loading and reaction temperature 
on the CO yield are depicted in Figure 16. The 
three factors have various degrees of interac-
tion effects on the CO yield. The temperature 
and the feed ratio appear to have higher inter-
action effect on the CO yield as indicated by 
red portion of Figures 16 (a). The CO yield in-
creases with the dry reforming reaction tem-
perature while both the feed ratio and the 
metal loading show less interaction effect on 
the CO yield.  The interaction effect of the reac-
Figure 16. Response and contour plots for CO yield (a) Effects of feed ratio and reaction temperature 
(b) Effect of metal loading and feed ratio (c) Effect of metal loading and reaction temperature at atmos-
pheric condition and GHSV of 30000 h-1  
(c) 
(b) 
(a) 
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tion temperature on the CO yield was greatest 
at 800 oC as indicated on the red portion of Fig-
ure 16 (b). It can be seen from the red portion 
of Figures 16 (a)-(c) that the feed ratio shows 
stronger interaction effect at higher tempera-
ture and 10% metal loading.  
  
4. Conclusions 
Dry reforming of methane over novel Co- 
and Ni/CaFe2O4 catalysts was carried out for 
the production of syngas. The catalysts were 
synthesized using wet-impregnation method 
and subsequently pre-screened by testing the 
catalytic performance in methane dry reform-
ing reaction. The pre-screening test showed 
that the Ni/CaFe2O4 has the best catalytic per-
formance in terms of conversion and yields. 
Hence, Ni was selected as the active metal to 
be dispersed on the CaFe2O4 support. Subse-
quently, full factorial design of experiment was 
employed to further develop the CaFe2O4 sup-
ported Ni catalyst. The interaction effects of 
factors such as metal loading (5-15%), feed ra-
tios (0.4-1.) and reaction temperature (700-800 
oC) were considered on the performance of the 
Ni/CaFe2O4 in terms of CH4 and CO2 conver-
sion as well as H2 and CO yield. The 
Ni/CaFe2O4 catalyst showed a promising per-
formance using metal loading of 15 %, reaction 
temperature of 800 oC and unity feed ratio with 
highest CH4 and CO2 conversions of 90.04 and 
87.67 %, respectively. The 15wt% Ni/CaFe2O4 
catalyst was subsequently characterized for its 
physicochemical properties by TGA, XRD, FE-
SEM, EDX, XPS, N2-physisorption, and FTIR. 
The methane dry reforming over the 15wt% 
Ni/CaFe2O4 gave syngas ratio of 0.99 making it 
suitable as a chemical intermediate for the pro-
duction of oxygenated fuel via Fischer-Tropsch 
synthesis. 
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